The periodic light-dark (LD) cycle entrains (synchronizes) the near 24-hour circadian timing system to the 24-hour environmental day (Pittendrigh and Daan, 1976) . Although organisms may share the same LD cycle, the timing of behavioral and physiological rhythms relative to the LD cycle can vary between species and between individuals within a species. In the hamster, sex differences in the timing of behavioral rhythms on an LD cycle have been reported, with females having an earlier activity onset relative Abstract Studies of sex differences in the timing of human circadian rhythms have reported conflicting results. This may be because the studies conducted to date have not controlled for the masking effects of the rest-activity cycle on the circadian rhythms being assessed. In the present analysis of data collected under controlled conditions, we examined sex differences in the timing of circadian rhythms while minimizing masking from behavioral and environmental factors using a constant routine (CR) protocol. All participants (28 women and 28 men paired by habitual wake time; age range, 18-30 years) maintained a regular selfselected sleep-wake schedule at home prior to the study. After 3 baseline days in the laboratory, participants began a CR. Women were found to have a significantly higher melatonin amplitude and lower temperature amplitude than men. While sleep timing was the same between the 2 groups, the timing of the circadian rhythms of core body temperature and pineal melatonin secretion was earlier relative to sleep time in women as compared to men. Sleep therefore occurred at a later biological time for women than men, despite being at the same clock time. Given that sleep propensity and structure vary with circadian phase and are impacted by circulating melatonin, these findings may have important implications for understanding sex differences in sleep timing and duration, diurnal preference, and the prevalence of sleep disorders such as insomnia.
to males (Davis et al., 1983) . Whether humans display similar sex differences in the timing of biological rhythms remains unresolved.
There are conflicting reports of whether humans show sex differences in the timing of the circadian rhythm of core temperature. In an early study (Mellette et al., 1951) , the temperature minimum was found to occur earlier in women, but the temperature maximum was found to occur later. In contrast, another study (Winget et al., 1977) found that phase angle of entrainment of body temperature (relative to the LD cycle) was similar in women and men studied. It is difficult to interpret the latter finding because women and men were exposed to different photoperiods, with men on a 16:8 LD cycle and women on an 18:6 LD cycle. A field study (Kattapong et al., 1995) also found no sex difference in the time of the temperature minimum. Contrary to those results, 2 field studies have demonstrated significantly earlier temperature rhythms in women (Baehr et al., 2000; Baker et al., 2001) , and 2 studies of older participants have reported significantly earlier core body temperature timing in older women (Campbell et al., 1989; Moe et al., 1991) .
Given that both the activity-rest cycle (Waterhouse et al., 1999) and menstrual phase (Coyne et al., 2000; Lee, 1988) can mask the endogenous circadian component of the core body temperature rhythm, using temperature as a phase marker is not ideal for determining whether there are sex differences in the timing of human circadian rhythms. Because melatonin levels are less influenced by activity, posture, sleep, and menstrual phase, the melatonin rhythm has been advocated as a better marker of circadian phase in humans (Klerman et al., 2002) . A recent study (Mongrain et al., 2004) reported that young women had a significantly earlier dim light melatonin onset (DLMO) relative to men. In that study, DLMO was determined as the point at which a subject's melatonin levels rose to twice the assay sensitivity. Because there are large interindividual differences in melatonin levels (e.g., Wilson et al., 1977; Zeitzer et al., 1999) , using a fixed threshold to determine DLMO cannot always distinguish between an earlier timing of melatonin onset and a higher overall melatonin level. Any sex difference in amplitude of the melatonin rhythm could appear to be a phase difference if the same threshold were used to determine DLMO for all participants.
To assess circadian phase and amplitude in humans while controlling for masking effects induced by daynight changes in posture and behavior, the constant routine (CR) protocol can be used (Duffy and Dijk, 2002; Mills et al., 1978) . The CR protocol consists of a regimen of semirecumbent wakefulness in constant dim lighting conditions for at least one circadian cycle (>24 hours), with food and fluid spread evenly across day and night. The CR protocol eliminates periodic changes in behavior and holds environmental conditions constant, allowing the endogenous circadian variation in physiological measures (core temperature, plasma hormone levels) to be assessed with greater precision . For our analysis, we selected data collected in the CR protocol in order to determine whether there are sex differences in the phase angle of entrainment.
MATERIALS AND METHODS

Participants
Data from healthy young participants (18-30 years old) were selected for the current analysis. The participants were chosen from a group of 148 (42 women and 106 men) who took part in 1 of 5 laboratory protocols carried out in the Intensive Physiological Monitoring Unit of the General Clinical Research Center at the Brigham and Women's Hospital (Duffy et al., 2009; Khalsa et al., 2003; Zeitzer et al., 2000) . The distribution of studies was approximately even across seasons for both sexes. These studies each had similar screening procedures, inclusion/exclusion criteria, prestudy sleep-wake schedule requirements, and baseline inpatient study conditions before the CR.
To control for potential sex differences in sleepwake timing, we matched each woman with a male participant who took part in the same study, based on habitual wake time (±30 minutes). This was done because women have been reported to be more morning type than men (Adan and Natale, 2002; Chelminski et al., 1997) , and morning types typically self-select earlier sleep-wake times (Baehr et al., 2000; Duffy et al., 1999) . We also considered age when matching the female-male pairs, ensuring the pairs were 5 years or fewer different in age.
Of the 42 women who participated in the 5 studies, 14 were not used in the current analysis: 7 because no man in the same study had a habitual wake time within ±30 minutes, 4 due to incomplete or missing data, and 3 who were using hormonal birth control as there are reports that hormonal birth control may raise melatonin levels (Kostoglou-Athanassiou et al., 1998; Wright Jr. and Badia, 1999) . The remaining 28 women were paired with 28 men for the current analysis.
All participants were medically and psychologically healthy and were required to have a body mass index (BMI) between 20 and 29.9 kg/m 2 (Duffy et al., 2009; Khalsa et al., 2003; Zeitzer et al., 2000) . They were asked to refrain from using alcohol, nicotine, caffeine, prescription and nonprescription drugs, and dietary supplements both prior to and throughout the course of the study; compliance was verified using urinary toxicological analysis upon admission to the laboratory. The phase of the menstrual cycle at which the women began the study was not controlled.
Only participants with a self-reported habitual sleep duration between 7 and 9 hours per night were included. To ensure that each participant was stably entrained to his or her schedule, no participant who reported recent (within 1 year) regular night-shift work or recent (within 3 months) travel across more than one time zone was enrolled. They were also required to maintain a regular sleep-wake schedule for at least 1 week immediately prior to the study, such that their bedtimes and wake times occurred at the same time (±30 minutes) each day and were 8 hours apart. The timing of the 8-hour sleep opportunity was self-selected by each participant. Compliance with the sleep-wake schedule during the week immediately prior to the study was verified by wrist actigraphy. Most participants (21 of the 28 pairs) completed the Horne-Östberg morningness-eveningness questionnaire (Horne and Östberg, 1976) during screening, although this was not used as an inclusion/ exclusion criterion.
The studies were approved by the Human Research Committee of the Partners HealthCare System and were conducted in accordance with the Declaration of Helsinki. Each participant gave written informed consent.
Experimental Protocol
All studies began with three 24-hour baseline days consisting of 16 hours of wakefulness and 8 hours of scheduled bed rest in the dark. The sleep-wake schedule for each participant was calculated from bedtimes and wake times reported from the previous week of screening. During baseline wake episodes, the participants were free to move about their study room but were not allowed to lie down or nap. Sixteen pairs of women and men had constant levels of ordinary indoor room light (0.23 W/m 2 [~89 lux]) throughout all 3 baseline days. For the remaining 12 pairs of women and men, light levels were dimmed (~0.0087 W/m 2 [~3.3 lux]) for the last 8 hours of the third baseline day. In all study rooms, the light was produced by overhead fluorescent lamps.
The 3 baseline days were followed by a CR, which began upon awakening after the third baseline night. During the CR, participants remained in a semirecumbent posture (lying in bed with the head of the bed elevated ~45°) in constant dim light (~0.0048 W/ m 2 [~1.8 lux]) and were fed equicaloric snacks each hour. Participants were not permitted to change posture throughout the CR, and a staff member remained in the room to help maintain wakefulness. The CRs varied in duration from 27 to 50 hours, depending on the requirements of the particular study. In cases where the CR lasted more than 40 hours, only the first 40 hours of data were used in our analysis. Core body temperature was recorded at 1-minute intervals via a disposable rectal thermistor (Measurement Specialties TPG, Dayton, OH).
Blood samples were collected 1 to 2 times per hour via an indwelling catheter inserted into a forearm vein and connected to 12-ft tubing passed through a porthole in the wall so that the blood samples (typically 1-3 mL) could be collected from outside the study room. Plasma samples were frozen and sent (Pharmasan Inc., Osceola, WI) for radioimmunoassay for melatonin using an assay with a sensitivity of 0.7 pg/mL, an intra-assay coefficient of variation of 9%, and an interassay coefficient of variation of 10%.
Data Analysis
Core body temperature phase was assessed by the maximum likelihood fit of a 2-harmonic regression model with first-order autoregressive noise (Brown and Czeisler, 1992) . The first 5 hours and the final 30 minutes of temperature data were excluded from analysis to eliminate the masking effects of waking and changing posture at the beginning and end of the CR protocol. The minimum of the fundamental and the first harmonic components of the model fit to the data were averaged. This average was used as the core body temperature minimum (CBT min ) circadian phase reference marker.
Due to the large variability in nocturnal melatonin concentrations between individuals (Wilson et al., 1977; Zeitzer et al., 1999) and potential sex differences in melatonin levels, we chose an individualized method of estimating melatonin phase (Benloucif et al., 2008; Klerman et al., 2002) . We defined melatonin onset as the time at which plasma melatonin levels rose to 25% of the fitted nightly peak (termed here DLMOn 25% ). The nightly melatonin peak was determined by fitting a 3-harmonic waveform to the data from the CR protocol (after eliminating the initial 5 hours and last 30 minutes). The amplitude of the fitted waveform (maximum -minimum of fitted waveform) was used to derive the 25% crossover threshold. We calculated 25% of the amplitude and interpolated between adjacent samples to determine the minute when the plasma levels rose to 25% of that nightly peak level. Plasma melatonin offset was defined as the time when melatonin levels fell to 25% of their nightly peak (DLMOff 25% ). This value is used as a circadian reference point and does not represent an estimated offset of melatonin synthesis. Because it is common to use a fixed threshold to determine DLMO (Lewy et al., 1985) , we also calculated DLMO as the point at which melatonin levels reached 10 pg/mL. To determine whether the window of melatonin release was different between men and women, the length of time between DLMOn 25% and DLMOff 25% was calculated for each participant. To determine whether there was a sex difference in amount of melatonin release, area under the curve (AUC) between DLMOn 25% and DLMOff 25% was calculated using the trapezoidal method (Zeitzer et al., 2000) .
Phase angles for melatonin and temperature circadian phase markers were calculated for each participant. Phase angle for DLMOn 25% was calculated relative to habitual bedtime (bedtime -DLMOn 25% ), while phase angles for DLMOff 25% and CBT min were calculated relative to habitual wake time (wake time -DLMOff 25% or CBT min ). Two-tailed Student t tests were used to compare data from women and men.
RESULTS
Because of our matching criteria, the women and men were not significantly different in age, habitual bedtime (range, 2208-0208 h v. 2152-0213 h), or habitual wake time (range, 0610-1007 h v. 0555-1014 h) (Table 1 ). There was no significant difference between the women and men in morningness-eveningness score (Horne and Östberg, 1976) , and both groups were on average "neither" types. Women and men did not differ in BMI.
Women had a significantly lower core body temperature amplitude but a significantly higher melatonin amplitude than men (Table 1 and Fig. 1) . As a result of the higher melatonin amplitude, women had a higher 25% DLMO threshold relative to men (21.79 ± 9.64 pg/mL v. 14.32 ± 7.91 pg/mL; p = 0.003). The higher melatonin amplitude in women was not the result of a narrowing of the window of melatonin release in women because the time between DLMOn 25% and DLMOff 25% was not significantly different between women and men (9.93 ± 0.80 h v. 10.30 ± 1.17 h; p = 0.17). Average AUC between DLMOn 25% and DLMOff 25% was significantly greater in women than men (Table 1) , indicating greater total night-time melatonin secretion in women. BMI was not associated with melatonin levels for either women (r = -0.17, p = 0.43; n = 28) or men (r = -0.02, p = 0.94; n = 25). Similarly, weight was not associated with melatonin levels for either women (r = -0.29, p = 0.13; n = 28) or men (r = 0.004, p = 0.99; n = 25).
The timing of the circadian phase markers was earlier in the women than in men, despite their similar sleep times. While the timing of DLMOn 25% in women was earlier (Table 1) , this difference did not reach statistical significance. The timings of DLMOff 25% , DLMO (10 pg/mL threshold), and CBT min were all significantly earlier in the women (Table 1 and Fig. 2) .
We examined the phase angle (relative timing) between melatonin or core body temperature circadian phase markers and habitual bed or wake time. In all cases, we found significant differences between the women and men. Women had a significantly longer interval between DLMOn 25% and bedtime, a significantly shorter interval between DLMOff 25% and wake time, and a significantly longer interval between CBT min and wake time than men (Table 1 and Fig. 2 ).
DISCUSSION
When measured in controlled environmental and behavioral conditions, we found that the timing of the circadian phases of the melatonin and core body temperature rhythms was earlier, relative to selfselected habitual sleep-wake time, in women compared to men. This advanced circadian timing in women occurred despite the 2 groups having habitual bedtimes and wake times that were nearly identical. This resulted in a sex difference in the relative timing of circadian rhythms with respect to usual sleep-wake times, such that the women were sleeping and waking at the same clock time, but a later biological time, than the men.
Previous studies on sex differences in the timing of the body temperature rhythm have reported inconsistent findings. Two common methodological weaknesses in those studies may have contributed to the varying results. First, body temperature was measured in ambulatory participants who were allowed to sleep. If women and men had similar sleep-wake timing, the influence of activity and sleep on the observed temperature likely masked any underlying difference in body temperature between the sexes . Second, in those studies, women and men were not matched for habitual sleepwake times. Given that women tend to be more morning type than men (Adan and Natale, 2002; Chelminski et al., 1997) , it is likely that the women on average had earlier sleep-wake times, and this in turn could have resulted in earlier temperature rhythm timing in the women. In fact, one of the studies that reported an earlier temperature timing in women also reported that the sleep timing of women was significantly earlier (Campbell et al., 1989) . Thus, the difference in the timing of the body temperature rhythm in the women may have reflected a sex difference in self-selected sleep-wake/light-dark timing, not a difference in actual biological timing relative to the sleep-wake/ light-dark timing. In the present experiment, we minimized the effect of masking on rhythms of temperature and melatonin by using the CR protocol, and we controlled for differences in sleep-wake/lightdark timing by matching the women and men in our analysis by habitual wake times and then keeping them in strictly controlled sleep-wake/light-dark conditions for 3 days prior to assessing the timing of their circadian rhythms. Under these highly controlled conditions, we found that women had a core body temperature nadir that was nearly an hour and a half earlier than men.
Consistent with our present results, Mongrain et al. (2004) reported an earlier timing of melatonin onset (DLMO) in women than men. In that study, DLMO was defined as the point that melatonin levels reached twice the minimum detectable concentration and was reported to be 96 minutes earlier in women. When we assessed melatonin onset by adjusting for each individual's melatonin levels (DLMOn 25% ), we found a difference of less than half the magnitude of that reported by Mongrain et al. (2004) , and it did not quite reach statistical significance. However, when we defined melatonin onset using a fixed threshold, our results were closer to the magnitude reported by Mongrain et al. (2004) . By using the same fixed threshold for women and men, the sex difference in biological timing was exaggerated due to higher melatonin levels in women. Because of their higher melatonin amplitude, women will tend to reach a fixed threshold value before men, even if the actual circadian timing is identical. This finding reinforces the usefulness of collecting melatonin across an entire circadian cycle rather than assessing only the onset of secretion. Further-more, it highlights the utility of using an individualized method of determining DLMO when comparing groups that may differ in melatonin levels.
Our finding of earlier melatonin timing in women is in contrast to a recent study by Burgess and Fogg (2008) . In that study, 170 participants were sampled for salivary melatonin for at least 20 hours under dim light. No sex difference was reported in the timing of DLMOn or DLMOff. One possible reason for the discrepancy between that study and our present findings concerns the method of sampling. Salivary melatonin is approximately one third of the levels obtained in plasma (Benloucif et al., 2008) , and those lower levels would tend to magnify the influence of assay variability on phase estimates. As both our study and the Burgess and Fogg (2008) study used the same assay, the assay variance in the Burgess and Fogg study is greater relative to the melatonin levels reported. Second, in the Burgess and Fogg (2008) study, the bedtimes and wake times for the women and men were not controlled, while in our study, we used pairs of women and men who were matched by habitual sleep-wake times in order to control for potential sex differences in sleep-wake timing and associated light-dark exposure. It is possible that men in the Burgess and Fogg (2008) study had earlier bedtimes or wake times (a sex difference was not reported), which would tend to obscure the ability to observe a relatively advanced circadian timing in women.
We found that women had lower core body temperature amplitude but higher melatonin amplitude than the men. Several studies have reported a lower temperature amplitude in women in the luteal phase compared with the follicular phase of the menstrual cycle (Coyne et al., 2000; Lee, 1988) , and no difference in temperature amplitude between follicular phase in women and men, but a significantly lower temperature amplitude between luteal phase in women and men (Baker et al., 2001) . Our finding of a lower temperature amplitude in the women suggests that more of the women may have been in the luteal phase than the follicular phase of the menstrual cycle, although we did not assess this at the time of the study. Prior reports have suggested that melatonin levels in the luteal phase are increased (Brun et al., 1987; Webley and Leidenberger, 1986; Wetterberg et al., 1976) , decreased (Shibui et al., 2000) , or unchanged (Berga and Yen, 1990; Brzezinski et al., 1988; Delfs et al., 1994; Ito et al., 1993; Parry et al., 1997; Wright Jr. and Badia, 1999 ) when compared to the follicular phase. It has been suggested that differences in lighting conditions and masking effects in those studies may have contributed to the varying results (Baker and Driver, 2007) . Controlling for lighting conditions and masking effects using a CR protocol, Wright Jr. and Badia (1999) found no effect of menstrual phase on melatonin levels; therefore, menstrual phase is unlikely to account for the difference in melatonin amplitude between women and men found in our study. It is also unlikely that menstrual phase is responsible for the advanced biological timing of women in our study, as the menstrual cycle has not been found to affect circadian phase in women (Berga and Yen, 1990; Parry et al., 1997) .
Our finding that women have an earlier circadian phase (e.g., core body temperature nadir, melatonin offset) relative to habitual wake time may be related to the tendency for women to be earlier chronotypes than men (Adan and Natale, 2002; Chelminski et al., 1997) . Morning types have been reported to have a longer interval between the timing of their circadian rhythms and their usual wake time than evening types (Baehr et al., 2000; Duffy et al., 1999) , as we found in the women in our study. This biological timing relative to the LD cycle may predispose women to be more morning type. However, in the present study, we did not have the power to determine whether there was a significant sex difference in morningnesseveningness score. Women had an average morningness-eveningness score that was 3.8 points (from an 86-point scale) different from men. While this difference in morningness-eveningness score was not statistically significant, it is similar in magnitude to the significant sex difference observed in a larger study of over 2000 participants (Adan and Natale, 2002) .
Under a given light-dark (wake-sleep) cycle, the relationship between circadian phase and the light-dark cycle is determined by 2 factors: circadian period and the sensitivity of the circadian system to the phaseshifting effects of light (Pittendrigh, 1979; Pittendrigh and Daan, 1976) . The women and men in the present study were selected for their similar sleep and wake times and therefore would have been exposed to similar light-dark cycles before entering the study. Once in the laboratory, women and men experienced the same light-dark cycles for 3 baseline days prior to the circadian phase assessment procedure. Because of this, a sex difference in light-dark exposure in our study is an unlikely explanation of our finding of a difference in phase angle of entrainment. The more likely explanations, therefore, are that the women and men in our study differed in circadian period, differed in sensitivity to the phase-shifting effects of light (either reduced sensitivity to phase-delaying light or greater sensitivity to phase-advancing light), or both.
Studies in animals have found that females are less sensitive to the phase-shifting effects of light than males. In the hamster, Davis et al. (1983) reported that phase shifts to discrete light pulses were smaller in females than males. Female Octodon degus (Goel and Lee, 1995) and hamsters (Davis et al., 1983) have been found to take longer to adjust to shifted LD cycles than male animals, suggesting a difference in light sensitivity. If our present findings are the result of a sex difference in the circadian sensitivity to light, it may be due to a reduced sensitivity to phase-delaying light in women, an increased sensitivity to phaseadvancing light in women, or both.
Studies in nonhuman animals have demonstrated that circadian period is shorter in females (Davis et al., 1983; Schull et al., 1989) and that the shorter period may be related to estrogen levels (Morin et al., 1977) . In humans, Wever (1984) reported that women had a shorter period than men when studied in free-running conditions. However, we now recognize that the freerunning circadian period estimates derived from those experiments were systematically confounded by the influence of the participants' self-selected light exposure , so whether women indeed have shorter circadian periods is still an open question requiring additional studies.
The sex difference we observed in the relative timing between circadian rhythms and sleep in our study may have implications for understanding the development of sleep problems in women. Under conditions in which the timing of sleep has been experimentally separated from the timing of the underlying circadian system, high sleep efficiency and the ability to consolidate sleep for an 8-hour episode occur in young men when sleep is initiated approximately 6 hours before the circadian phase of the core body temperature minimum Czeisler, 1994, 1995) . In the present study, the biological time of sleep in the men was nearly ideal for the maintenance of high sleep efficiency. In contrast, the women in the present study slept at a later biological time. Why these healthy women had self-selected sleep times that differed with respect to circadian phase is not understood, but if generalized, this delayed biological time of sleep may be a contributing factor for the higher incidence of insomnia in women than men (Mellinger et al., 1985; Partinen and Hublin, 2005) .
Limitations
The present study of sex differences in entrained circadian phase and melatonin amplitude was a retrospective analysis of data from a series of studies that did not monitor the menstrual phase in the women at the time of study. While prior studies have suggested that menstrual phase does not impact circadian timing or the amplitude of melatonin secretion, future prospective studies that control for the menstrual phase of subjects and document hormonal status in those subjects should be conducted to further explore the role of menstrual phase on phase angle of entrainment and melatonin levels.
